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ABSTRACT 
  
 This paper explores the seismic response of continuous, pressurized gas-transmitting steel pipes 
subjected to normal fault rupture, through a series of parametric 3D finite element analyses. The 
constitutive and geometrical models are first verified through comparison with previously 
published centrifuge results covering the rupture propagation of a normal fault (Bransby et al., 
2008), and with simple analytical calculations based on the theory of thin walled pressurized 
cylinders and metal plasticity with Mises yield criterion. The impact of different features of the 
buried pipeline-normal fault rupture interaction problem, like operating temperature and operating 
pressure, is then investigated by means of a practical example problem, with pre-selected 
geometry and material properties, according to the performance-based approach. 
 
Introduction 
 
In seismic design of pipelines, crossing of active faults has been recognized as one of the most 
challenging and project-affecting issues. Recent evidences in Kocaeli (1999) and L’Aquila 
(2009) earthquakes have confirmed that an unsafe design may result in undesired brittle pipeline 
failures (Eidinger et al., 2002; Paolucci et al., 2010), which may eventually lead to significant 
investment losses and social discomfort for the local communities. Seismic design of pipelines 
under fault crossing conditions is a complex fault-soil-pipeline interaction problem, which 
requires the account of soil and structural behaviour in nonlinear regime in typically 3D 
configurations. Existent analytical models developed for this purpose date back to the 
contribution by Newmark and Hall (1975) and its update by Kennedy et al. (1977), in which also 
the flexural behaviour of the pipeline was considered. After Kennedy et al. (1977), there has 
been a series of successful attempts on analytical modeling which are originally based on this 
work (Wang and Yeh, 1985; Karamitros et al., 2007, 2011; Trifonov and Cherniy, 2010, 2012). 
 
Recently, Paolucci et al. (2010) have proposed an analytical model for strike-slip fault crossings 
based on the minimization of energy principle. The methodology of Paolucci et al. (2010) is 
presently being extended to normal fault crossings by also taking temperature and pressure 
differences into consideration. 
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Thanks to the increasing computing capabilities, during the last two decades finite element 
modeling of the complex soil-structure interaction problem has also become quite popular (see 
e.g. Paolucci et al., 2010; Vazouras et al., 2012; Xie et al., 2013; Trifonov, 2015) as a solution 
alternative and/or complementary to the analytical techniques, leading more accurate and case-
specific results, provided that the model is well constructed. Although it is now widely used, 
authors think that a significant gap still exists in the present state of information, in which the 
analysts/engineers are expected to assemble all the necessary components together when 
carrying out a numerical solution to the seismic design of pipelines under fault crossing 
conditions. Considering that such procedure development may not be always trivial, this paper 
aims at putting the fundamental background information on soil and engineering mechanics, 
together with the one of numerical analysis in a rather compact framework. This is thought to 
eventually serve as a reference for the future analysts/engineers interested in this subject. 
 
In this paper, we start with a validation of the numerical model, in terms of boundary conditions, 
element types, and constitutive models using previously published physical model tests (Bransby 
et al., 2008) and analytical estimations of elastic and post-elastic values of pipe longitudinal and 
hoop stresses based on metal plasticity and structural mechanics. After the verification stage, we 
move to the detailed explanation of the finite element model featuring the interaction between a 
normal fault and the pipeline. Finally, we present a performance based way of elaborating the 
results, by also considering ALA Guidelines (2001; 2005) and Eurocode 8 (CEN, 2006). 
 
Verification of the Numerical Model 
 
In this section we first introduce a finite element simulation of a previously published centrifuge 
test in which normal fault propagation inside a dry frictional soil has been modeled under free-
field conditions (i.e. in the absence of any structure). Successful modeling of this problem will 
ensure the adequacy of the finite element formulation, mesh fineness, representativeness of the 
constitutive model selected for the soil material, and the correct modeling of boundary 
conditions. Following the centrifuge verification, we will pass to verify the structural counterpart 
of the spatial resolution and accuracy of the finite element model, through simple analytical 
solutions derived from the fundamentals of engineering mechanics. 
 
Verification study 1 
 
The centrifuge setup used by Bransby et al. (2008) is shown in Figure 1. Fault offset with dip 
angle of 60° has been represented in terms of imposed displacements at the model boundaries.  
 
 
 
Figure 1: Physical model in prototype scale, scale factor =115 (after Bransby et al., 2008). 
Dry soil layer, shown in Figure 1, is medium dense (Dr=60%), uniform silica sand, featuring an 
internal friction angle φ’=35° and a dilation angle ψ=6° (see Gaudin, 2002; Bransby et al., 2008). 
 
The fault rupture has been simulated with Abaqus/Explicit (Dassault Systèmes, 2013), by 
smoothly increasing the boundary displacements to minimize the numerically induced 
propagation of spurious elastic waves inside the mesh. The dry sand layer has been modeled as 
an elastic-plastic material with Mohr-Coulomb yield function. 
 
 
 
 
Figure 2: Deformed finite element mesh (left) and comparison of results for total fault offset of 
1.2 m (right) (after Bransby et al., 2008). 
 
Figure 2 shows the deformed mesh, and a comparison of numerical and experimental data in 
terms of vertical displacements measured at a depth of z= 0.9m at a specified fault offset, ∆F=1.2 
m. To model, with a sufficient degree of accuracy, the propagation of the fault in the dry sand up 
to the selected offset, a fine mesh has been adopted with characteristic element size of about 0.25 
m. The graph in Figure 2 shows that the numerical predictions are in a good agreement with the 
centrifuge test outputs for the considerably large fault offset of 1.2 m, which can be considered 
as a representative value for a Mw=6.0-6.5 event. As a result of this verification study, accuracy 
of the model in terms of boundary conditions, finite strain kinematics, resolution of the spatial 
discretization, and constitutive modeling of continuum (i.e. soil) finite elements have been 
confirmed as satisfactory. 
 
Verification study 2 
 
A gas transmission pipeline has been considered, featuring average radius 𝑅𝑅𝑎𝑎𝑎𝑎= 601.6 mm and 
wall thickness 𝑡𝑡 =18.9 mm, with a burial depth of 𝐻𝐻= 1.5m, measured from the top of its cross-
section. The longitudinal and hoop stresses, induced by the operating conditions (internal 
pressure 𝑝𝑝=7.5 atm and temperature difference ∆𝑇𝑇= 45°C), provided by the numerical model 
have been checked against the following analytical estimations in the ideal situation of no defects 
and homogeneous geometry along the pipe longitudinal axis. By disregarding the self weight and 
the confining pressure of the soil around the pipeline, due to the shallow burial, the 
circumferential stress is given by the Mariotte formula: 
 
𝜎𝜎𝜃𝜃
𝑝𝑝 = 𝑝𝑝𝑅𝑅𝑎𝑎𝑎𝑎 𝑡𝑡�  (1)  
 
Equation (1) may be written by imposing the equilibrium on the longitudinal cross section of a 
pressurized thin-wall pipe, in which 𝜎𝜎𝜃𝜃
𝑝𝑝 is the pressure induced hoop stress (= 238.7 MPa). By 
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centrifuge results
assuming now that the pipe is free to deform axially, the longitudinal strain (𝜀𝜀𝑙𝑙) can be obtained 
via: 
 
𝜀𝜀𝑙𝑙 = 1𝐸𝐸 �𝜎𝜎𝑙𝑙𝑝𝑝 − 𝜈𝜈𝜎𝜎𝜃𝜃𝑝𝑝� (2)  
 
where the through the thickness stress term has been purposely disregarded. 𝐸𝐸 and 𝜈𝜈 are the 
Young’s modulus and Poisson’s ratio of the pipe steel, respectively. Considering now the axial 
constraint (𝜀𝜀𝑙𝑙=0) on the pipe segment, pressure-induced longitudinal stress 𝜎𝜎𝑙𝑙
𝑝𝑝 could be stated as:  
𝜎𝜎𝑙𝑙
𝑝𝑝 = 𝜈𝜈𝜎𝜎𝜃𝜃𝑝𝑝 (= 71.6 MPa). 
 
Moving now to the effects of the temperature increase ∆𝑇𝑇 due to gas flow in the pipeline, the 
same plane-strain like condition considered before leads to a temperature-induced longitudinal 
stress, 𝜎𝜎𝑙𝑙∆𝑇𝑇, provided by: 
 
𝜎𝜎𝑙𝑙
∆𝑇𝑇 = −𝐸𝐸𝛼𝛼𝑙𝑙∆𝑇𝑇  
 
(3) 
 
where, 𝛼𝛼𝑙𝑙 is the thermal expansion coefficient of the pipe steel (in 1/°C or 1/°K). 
 
With a standard API steel, featuring 𝐸𝐸 = 210 GPa, 𝜈𝜈= 0.3, 𝛼𝛼𝑙𝑙= 1.3x10-5 1/°C, for an internal 
pressure 𝑝𝑝 = 7.5 atm and stationary temperature variation ∆𝑇𝑇= 45°C, the longitudinal and hoop 
stress estimates are as gathered in Table 1, where a comparison is also reported with the 
outcomes of the finite element simulations. Here, two operating conditions are considered and 
the corresponding pipe longitudinal and hoop stresses are shown in terms of their total. 
 
Table 1: Comparison of pipe stresses caused by the operating conditions. 
 
Condition 
𝝈𝝈𝒍𝒍 [MPa] 𝝈𝝈𝜽𝜽 [MPa] 
Analytical Numerical Analytical Numerical 
𝑝𝑝=7.5 atm, ∆𝑇𝑇=0°C 71.6 ≈ 72.6 238.7 ≈ 243 
𝑝𝑝=7.5 atm, ∆𝑇𝑇=45°C -51.3 ≈ -51.3 238.7 ≈ 243 
 
Table 1 shows a noteworthy agreement between the numerical solutions and the relevant 
simplified theoretical estimations. The slight difference between the two sets of values mainly 
stems from having neglected the weight and the confining pressure induced by the soil in the 
analytical calculations, and from the approximation of the circular pipe cross-section with 
discrete quadrilateral elements in the numerical model. 
 
Finally, by considering that the pipeline is shallowly buried and is quite stiff compared to the 
confining ground, it appears reasonable to assume no cross-sectional deformation (i.e. no 
ovalization), when the fault offsets. This condition allows setting to zero the shear stress 
components along the pipe wall, and yielding can be checked by computing the Mises stress 
according to Equation (4). 
𝜎𝜎𝑀𝑀
2 = 12 [(𝜎𝜎𝜃𝜃 − 𝜎𝜎𝑙𝑙)2 + 𝜎𝜎𝑙𝑙2 + 𝜎𝜎𝜃𝜃2] (4)  
 
where the through-the-thickness component has been once again disregarded.  Once we impose 
𝜎𝜎𝜃𝜃= 238.7 MPa, at yielding 𝜎𝜎𝑀𝑀=𝜎𝜎𝑦𝑦=450 MPa we may find the two following values for the 
longitudinal stress: 𝜎𝜎𝑦𝑦𝑙𝑙,𝑡𝑡=520 MPa for tensile states and 𝜎𝜎𝑦𝑦𝑙𝑙,𝑐𝑐=-280 MPa for compressive states, 
respectively. A comparison with relevant numerical values shows once again a good match 
between the two approaches. 
 
Numerical Modeling of the Normal Fault-Buried Pipeline Interaction 
 
Having validated the finite element approach as far as the free-field (VS-1) and operational (VS-
2) loading conditions are concerned, we move now to the numerical analysis of the soil-structure 
interaction problem when the normal fault offsets. In this section, we briefly discuss the main 
features of the adopted numerical models, in terms of model definition, analysis steps, and 
boundary conditions. Additional information is to be provided by the corresponding future 
journal paper. 
 
Model definition 
 
Allowing for the target geometry of the problem at hand, in the simulations, 8-node reduced 
integration brick elements with hourglass control (C3D8R or C3D8RT) have been selected to 
spatially discretize the soil. On the other hand, the moderately thin pipeline has been discretized 
with 4-node shell elements with reduced integration and hourglass control (S4R and S4RT). In 
accordance with the settings adopted in the verification examples, in the region close to the fault 
crossing, where the strongest nonlinearities are expected, spatial discretization has been 
enhanced through a properly fine mesh, in terms of both soil and structural elements. Away from 
that region, to reduce the computational burden, element densities have been progressively 
reduced. Considering the material properties, besides what already discussed in the previous 
section, it is worth mentioning that the dry sand has been modeled as elastic-plastic, with a 
Mohr-Coulomb yield surface, featuring φ’=35° and ψ=5°. The contact surface between pipe and 
soil has been modeled with so-called interface elements (or contact elements), having the friction 
coefficient equal to tan 0.67φ’ representing the interaction between dry sand and the smooth steel 
surface. One may refer to ALA Guidelines (2001; 2005) for the relevant friction coefficients. 
 
Analysis steps and boundary conditions 
 
A two-stage loading process has been considered. In stage 1, the operating internal gas pressure 
(𝑝𝑝=7.5 atm), temperature difference, (∆𝑇𝑇=45°C), and the gravity load are invoked in a quasi-
static manner. In stage 2, boundary conditions corresponding to a smoothly increasing fault 
offset  have been provided along the model boundaries (with a non-constant rate to prevent 
numerical induced elastic waves, on average 2 meters of fault offset is provided in 4 seconds), on 
the soil and pipe external surfaces as a kind of far-field condition. The relevant boundary 
conditions are sketched in Figure 3, where it is shown that pipe and soil surfaces on the footwall 
side (left hand side in the figure) are both fixed, while the hanging wall side is displaced as 
whole. One may also observe that the fault offset has been distributed within a band of 1 m. This 
allows imposing a realistic condition as well as providing improved fault rupture propagation 
due to limited distortion of the elements across the footwall/hanging wall at the base of the 
numerical model. 
 
 
 
Figure 3: Numerical model (not to scale) showing the imposed displacement BC’s. 
 
To ensure a ductile response of the pipeline subjected to fault rupture, the physical anchor points, 
elbows and bents should be placed sufficiently far away from the expected fault crossing zone. 
To correctly represent the stress field along before any discontinuity occurs in the fault, the 
length of the pipe segment numerically modeled has to be appropriately set. Possible 
disturbances or numerical artifact showing up around the zone where the boundary conditions 
are imposed, and affecting the values of longitudinal stress values presented in Table 1, are to be 
kept away from the fault. Further, the modeled pipe segment must be sufficiently long to keep 
the fault induced axial strain as zero or negligible far away from the fault crossing. It has been 
observed that at any decreasing dip angle, the pipeline undergoes larger average axial strain 
induced by the fault movement, since the horizontal component of the fault motion increases. 
Accordingly, the longitudinal length is a function of anchor length (La) of the considered pipe 
segment, which can be approximated as: 
 
𝐿𝐿𝑎𝑎 = 𝐸𝐸𝐴𝐴𝜀𝜀𝑎𝑎𝜏𝜏𝑢𝑢  (5)  
 
where; 𝐿𝐿𝑎𝑎 is the anchor length; 𝐸𝐸 is the Young’s modulus of the pipe steel; 𝐴𝐴 is the pipe cross-
sectional area, 𝜀𝜀𝑎𝑎 is the fault induced axial strain; and 𝜏𝜏𝑢𝑢 is the interface friction acting on a 1-
meter long pipe external surface. In order to determine the 𝜏𝜏𝑢𝑢 value, ALA Guidelines (2001; 
2005) may be used. 
 
Besides the dip angle, 𝜀𝜀𝑎𝑎 increases with increasing fault offset. Since burial depth has an 
important effect on 𝜏𝜏𝑢𝑢, it also affects 𝜀𝜀𝑎𝑎. By considering the parameters of burial depth 
(Z=H+D/2≈1.5+0.6=2.1 m), the dip angle (dip= 70°-80°), and a total fault offset of maximum 
∆= 2.0 m, we found out that total model length Lm= 2000 m becomes sufficient to keep the 
fault induced axial longitudinal stresses in the pipe to negligible values close to the boundaries. 
 
Assessment of the Analysis Outcomes within a Performance Based Framework 
 
To propose a performance based framework for the case under study, we start by defining the 
limit states and the corresponding strain thresholds in the pipeline. The information provided by 
design codes (e.g. Eurocode 8, 2006) and guidelines (e.g. ALA, 2001; 2005) is usually provided 
in terms of strain thresholds and sometimes, of ovalization measures at the ultimate limit state. 
Longitudinal strain levels stated in Eurocode 8 corresponding to the ultimate limit states, are: 
𝜀𝜀𝑙𝑙,𝑡𝑡𝑢𝑢 = 0.03 (6a) 
 
𝜀𝜀𝑙𝑙,𝑐𝑐𝑢𝑢 = min (0.01, 0.2𝑡𝑡 𝑅𝑅𝑒𝑒⁄ ) (6b) 
 
where; 𝜀𝜀𝑙𝑙,𝑡𝑡𝑢𝑢 and 𝜀𝜀𝑙𝑙,𝑐𝑐𝑢𝑢 are the tensile and compressive longitudinal ultimate strains; 𝑡𝑡 is the pipe 
thickness; 𝑅𝑅𝑒𝑒 is the external radius of the pipe cross-section. 
 
Concerning the elastic strain limits, one may define the longitudinal yield strain couple (𝜀𝜀𝑙𝑙,𝑡𝑡𝑦𝑦 and 
𝜀𝜀𝑙𝑙,𝑐𝑐𝑦𝑦) as defined by 𝜀𝜀𝑙𝑙,𝑡𝑡𝑦𝑦 = �𝜎𝜎𝑙𝑙,𝑡𝑡𝑦𝑦 − �𝜎𝜎𝑙𝑙𝑝𝑝 + 𝜎𝜎𝑙𝑙∆𝑇𝑇��/E and 𝜀𝜀𝑙𝑙,𝑐𝑐𝑦𝑦 = �𝜎𝜎𝑙𝑙,𝑐𝑐𝑦𝑦 − �𝜎𝜎𝑙𝑙𝑝𝑝 + 𝜎𝜎𝑙𝑙∆𝑇𝑇��/E (Please 
refer to Equations 2, 3, and 4 for the calculations of 𝜎𝜎𝑙𝑙
𝑝𝑝, 𝜎𝜎𝑙𝑙∆𝑇𝑇, and 𝜎𝜎𝑙𝑙,𝑡𝑡𝑦𝑦 & 𝜎𝜎𝑙𝑙,𝑐𝑐𝑦𝑦; respectively). 
 
Let us define now LS1 and LS3 as the limit states corresponding to the no damage and to the 
ultimate states, respectively. We can, then, define LS1 as the first yield and LS3 for the ultimate 
state. In this paper, LS2, standing for the limited damage state, will be left only in terms of 
qualitative discussion; the engineer/analyst will define this limit according to the project under 
consideration. Once the maximum tensile and compressive longitudinal strains are tracked and 
output, the plot of maximum longitudinal strain versus the fault displacement can be plotted to 
provide the capacity curve of the fault-soil-structure interaction problem under consideration. 
See Figure 4 for an example of capacity curve from the considered numerical analysis. 
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Figure 4: Left: Capacity curves for dip=70° and 80°, ∆T=45°C, p=7.5 atm. Right: Corresponding 
limit state values for dip=70° and 80°, ∆T=45°C, p=7.5 atm. 
 
Figure 4 shows the performance of the designed pipeline. For example, for dip=70°, ∆T=45°C, 
p=7.5 atm, the pipeline experiences the first yield (LS1) in compression at around fault offset of 
0.6 m. Although ultimate limit state (LS3) has not been reached until ∆F=2.0m for dip=70°, it 
could be seen that for dip=80°, the compressive strain is exceeded at 1.3 m. Since normal-fault 
crossing induces additional tensile strains to the pipeline, the outcome of reaching the ultimate 
state in terms of compression is neither trivial nor expected. This result is stemming from the 
initial compressive state of the pipeline due to increase in temperature of ∆T=45°C and relatively 
low horizontal elongation caused by the normal fault of dip=80°. 
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Conclusions 
 
In this paper, we have illustrated the fundamental components for conducting accurate finite 
modeling of normal fault-soil-pipeline interaction problem. On a practical application, we also 
proposed a performance-based framework for interpreting the analysis results, by making use of 
EC8-based provisions. The problem of normal fault-soil-pipeline interaction has also been 
studied with analytical means; however it could not be included here due to space limitations. 
Interested readers are kindly referred to the upcoming journal article. 
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